The internal representation of stimuli is imperfect and subject to bias. Noise introduced at initial 6 encoding and during maintenance degrades the precision of representation. Stimulus estimation is also biased 7 away from recently encountered stimuli, a phenomenon known as adaptation. Within a Bayesian framework, 8 greater biases are predicted to result from poor precision. We tested for this effect in individual difference 9 measures. 202 subjects contributed data through an on-line experiment (https://cfn.upenn.edu/iadapt).
: Experiment setup and methods. (a) Experiment structure. Subjects completed a battery of tests designed to estimate representation precision, precision after a delay, and precision and bias after adaptation. Each subject completed two blocks of each experiment, for both color and face stimuli. Prior to each experiment, subjects were presented with instructions and a comprehension quiz; the first time they performed each block of a given experiment, they also completed 5 practice trials. Each block of the stimulus-match experiment had 15 trials. Each block of the delayed-match and adaptation experiments had 30 trials. (b) Response procedure. Subjects were first presented with 8 equally spaced representative stimuli around the wheel. To enter their responses, subjects first performed a coarse selection by clicking on the region of the wheel that approximately matched the target. They then adjusted their selection more precisely by dragging the pointer around the wheel and clicking a second time to confirm their responses.
(c) Block types. Top: On each trial of the stimulus-match experiment, subjects were instructed to match to a stimulus presented on both sides of the screen; the target stimulus remained on the response screen while the subject made the match. Middle: On each trial of the delayed-match experiment, subjects were instructed to match to a target stimulus following a 4 second interval. Bottom: On each trial of the adaptation experiment, subjects were instructed to match to a target stimulus that was presented after a 5 second adaptation period. (d) Stimuli. A circular space with 360 stimuli was used for both color and face stimuli. Color stimuli were generated to vary in hue but not in saturation or luminance (HSL space). Face stimuli varied in age and gender, each forming one axis of the space. Color masks were a checkerboard composed of various stimuli randomly sampled from the color space. The eight stimuli that are snown in the figure and in the response screen are equally spaced examples from the entire set of 360, and were selected at random on each trial. Face masks were created using the steerable pyramids method to match various low-level visual properties (Portilla and Simoncelli, 2000). and the probability of random guesses ( Fig. 2a ). In the adaptation experiment, we used the distribution of these experiments, the fitting procedure also estimates two additional parameters: the mean of the error 93 distribution (i.e., the bias induced by the paradigm) and the probability that the selected response matches 94 the adaptor stimulus and not the target stimulus (Fig. 2b,c) . The distribution of errors were modeled as a superposition of probability distributions to account for different types of responses. (a) In the stimulus-match and delayed-match experiments, responses could be concentrated near the target value (von Mises distribution centered at the target value) or fall randomly in any position of the space with equal probability (von Mises distribution with concentration parameter equal to zero). Two parameters were estimated: the concentration parameter of the responses near the target, and the probability of random responses. (b) In the adaptation experiment, responses could be concentrated near the target value (von Mises distribution displaced from the target by a fixed amount), concentrated near the adaptor value (a stimulus that the subjects were instructed to ignore, modeled as a von Mises distribution centered at the adaptor value) or fall randomly in any position of the space with equal probability (von Mises distribution with concentration parameter equal to zero). Four parameters were estimated: the magnitude of the displacement of responses near the target (bias), the concentration parameter of the responses near the target, the probability of responses near the adaptor, and the probability of random responses. (c) Example of a good fit for a subject in the adaptation experiment. Data are collapsed across both blocks of the adaptation experiment, and indicates the existence of a positive (repulsive) bias in relation to the adaptor. igure 3: Estimation of adaptation biases at the population level. (a) Group adaptation results for all color trials. The bars provide the histogram of error (5 • bins) in responses across all trials and all subjects in the adaptation experiment that used color stimuli. If subjects reported the color of the target stimulus perfectly, all trials would have zero error. Each trial in the adaptation experiment featured a five second adaptor stimulus, which in this plot has a relative location of −45 • and is indicated with the blue dotted line. The black line shows the fit to the data provided by the model shown in Fig. 2b . As can be seen, the peak of the distribution of error responses is shifted to the right of zero, indicating that subjects had a bias (M = 7.8 • ) in reporting the value of the target stimulus. (b) Similar results for all face trials. As can be seen, the peak of the distribution of error responses is again shifted to the right of zero, indicating that subjects had a bias (M = 5.0 • ) in reporting the value of the target stimulus. Fig. 5a ). A slightly more saturated version of the stimuli was used in an attempt to increase 144 overall performance (Fig. 5b,c) .
145
After fitting the data using the same approach as previously ( Fig. 2) , we analyzed the sources of vari-146 ability in response precision. In both color and face experiments, experimental block explained essentially 147 no variation in response precision (F (5, 866) = 1.69, p = 0.13 and F (5, 839) = 0.81, p = 0.54 in the color 148 and face experiments, respectively). In the color experiment, subject and task explained 27% and 19% of 149 the total variance in precision scores, respectively (F (96, 866) = 4.94, p ≈ 0 and F (2, 839) = 162.5, p ≈ 0).
150
In the face experiment, subject and task explained 40% and 16% of the total variance in precision scores, 151 respectively (F (93, 839) = 8.36, p ≈ 0 and F (2, 839) = 157.4, p ≈ 0). We then analyzed the sources of 152 variability in adaptation bias. In the color experiment, we observed that variability in adaptation bias was 153 explained primarily by subject (44%) and secondarily by block (3%). In the face experiment, variability in 154 adaptation bias was only significantly explained by subject (41%).
155
To investigate whether the inverse relationship between representation precision and adaptation biases 156 was replicated, we extracted the bias and precision values for each subject, and calculated the correlation 157 between these two quantities. We again observed that, across subjects, there was a negative correlation Fig. 5d,e ). Figure 5 : Relationship between representation precision and adaptation bias in the replication experiment. (a) Replication experiment structure. Subjects completed a battery of tests designed to estimate representation precision, precision after a delay, and precision and bias after adaptation. Each subject completed two blocks of the stimulus-match and the delayed-match experiments, and six blocks of the adaptation experiment, for either colors or faces. Prior to each experiment, subjects were presented with instructions and a comprehension quiz, and in the first time they performed each block of a given experiment, they also completed 5 practice trials. Each block of the stimulus-match experiment comprised 15 trials. Each block of the delayed-match and adaptation experiments comprised 30 trials. (b) Color stimuli. A circular space with 360 stimuli was used. Colors were generated to vary in hue but not in saturation or luminance (HSL space), though saturation was higher than in the first experiment. (c) Face stimuli. A circular space with 360 stimuli was used. Faces stimuli varied in age and gender, each forming one axis of the space. The extreme points on each axis also varied in identity, to maximize stimulus differences. (d) We fit data from each subject collapsed across all blocks of the color adaptation experiment, using the mixture model approach described in 
Discussion

161
We investigated the relationship between individual differences in adaptation bias and response precision 162 for colors and faces. In two cohorts of 202 and 192 subjects recruited through Amazon Mechanical Turk, 163 precision and adaptation bias were found to be stable properties of the observer, with substantial variance 164 in the measurements arising from between-subject differences. Across experiments and materials, we found 165 that greater perceptual bias in an individual was associated with lower response precision.
166
A notable finding of our study was the substantial individual variation in the magnitude of perceptual 167 adaptation. This measurement was reproducible across blocks within a testing session. As we did not magnitude. We find that individual differences in sensory precision provide one such mechanism.
173
Our results are consistent with a model in which each subject is a Bayesian observer, each of whom 174 differs in the fidelity with which they represent sensory input. We estimated each subject's precision by values we could have measured from our population, we regarded this as an acceptable compromise to 197 exclude subjects who made no attempt to achieve the goals of the measurement.
Methods
Participants followed by a mask stimulus (ISI: 500 ms) at the same location for 200 ms, followed by a 4000 ms interval of a blank screen during which no response was allowed ( Fig. 1c, Middle) . After this interval, subjects entered 289 their responses using the same procedure described previously (Fig. 1b ). The same measures described 290 previously were used to ensure that subjects maintained continuous attention throughout the entire block.
291
Color masks were checkerboards composed of various colors randomly sampled from within the stimulus
